Two low-grade siliceous manganese ores such 1) siliceous crystalline and 2) siliceous cherty types from north Orissa, India was mineralogically characterized and investigated for their possible upgradation. Both the Mn-ore types were subjected to different physical beneficiation techniques under identical conditions and results reported. The results revealed that in the case of low-grade siliceous crystalline type Mn-ore a feed having 26% Mn could be upgraded to more than 45% Mn by dry magnetic separation with 69% recovery at 1.00 tesla magnetic intensity. But the cherty type Mnore could not respond well to any of the beneficiation techniques, particularly dry magnetic separation, because of poor liberation even at a size fraction below 100 mesh, though the other type gives best result at this size fraction.
Introduction
The manganese deposits of Bonai-Keonjhar belt in the Banded Iron Formation of Iron Ore Group occupy a significant position in mineral wealth of Orissa, Eastern India. The low to medium-grade manganese ores produced from this belt have low phosphorus content in contrast to the other two manganese deposits of Orissa associated with the Gangpur Group and the Khondalite Group. The low-grade Mn-ore of Bonai-Keonjhar belt can be classified on the basis of major matrix/gangue into 1) siliceous; 2) ferruginous; and 3) aluminous types [1] . Out of the 5 lakh tones [2] of Mn-ore that is produced annually in Orissa, 50% of it is of low-grade category (Mn: 25% -35%) and siliceous variety occupies a sizeable volume (~20%).
Detailed mineralogical and textural studies on the lowgrade siliceous Mn-ores from the above belt revealed that there are two contrasting types of siliceous Mn-ores viz. siliceous crystalline and siliceous cherty types. These two types of low-grade siliceous Mn-ores from Orissa Mineral Development Corporation (OMDC) lease hold were studied under identical physical beneficiation techniques to utilize them and make suitable value addition. The influence of microstructure on the liberation size of Mn-ore and gangue and their role in the beneficiation process was investigated and reported in this paper.
Materials and Methods
Around one tone each of representative low-grade siliceous manganese ore samples were collected from BhootRiver side (siliceous crystalline) and Mushaghar (siliceous cherty) lease-hold of M/s OMDC Ltd. Barbil, Orissa. All the samples were crushed to below 2 mm size by roll crusher at different gap settings and classified into different size fractions using standard test sieve viz. 1 mm, 0.5 mm, 0.25 mm, 0.15 mm and 0.075 mm.
The mineralogical characterization was carried out using optical microscope (Letiz make), X-ray diffractometry (Philips make) and electron probe microanalyser JXA-8100. Detail beneficiation studies were carried out using 1016 × 437 mm Denver Wilfley laboratory table supplied by M/s DENVER, USA.
High intensity dry belt magnetic separator of type LOG 1.4 SEP operated at 50 Dc Volt and 4.17 Dc amp. current, suitable for fine particle separation, (supplied by Boxmag Rapid Ltd., Birmingham, England) was employed for magnetic separation. The magnetic intensity was varied between 0.73 and 1.23 tesla. Dry samples of closed size fractions were continuously fed to the belt magnetic separator by vibrating feeder at controlled rate
Results and Interpretation

Mineralogical Characteristics
The low-grade siliceous crystalline type and cherty/ amorphous type of Mn-ores from Bonai-Keonjhar belt were mineralogically studied with the help of X-ray diffraction and optical microscopy. Megascopically, the siliceous crystalline type of Mn-ore exhibit 1) large saccaroidal crystalline quartz with Mn infilling (Figure 1(A) ) and 2) fine granular quartz with Mn infilling (Figure  1(B) ). On the other hand, the siliceous cherty type contains a) alternate lamina of Mn-ore and cryptocrystalline silica (Figure 1(C) ) and b) fine layering between Mn-ore and cherty silica, veins of Manganese often ramify within silica matrix (Figure 1(D) ). X-ray diffraction studies on both the type of samples revealed that in the crystalline type pyrolusite constitutes the major Mn-phase with subordinate cryptomelane and quartz the only gangue mineral. On the other hand, the cherty type showed pyrolusite and cryptomelane as major Mn-phases with minor hematite. Quartz along with minor kaolinite constituted gangue phases in the cherty type.
The two types of ores exhibited distinct textural peculiarities. The siliceous crystalline type contained 1) large bladed crystals of pyrolusite having sharp contact relationship with quartz (Figure 2 
Physical and Chemical Characteristics
The low-grade siliceous ROM sample from Bhoot-Riverside (crystalline type) and Mushaghar (cherty type) were crushed separately and subjected to sieve analysis using standard test sieves of 1000, 500 
Beneficiation Characteristics
The size classified samples from both the low-grade siliceous Mn-ore types were subjected to various physical beneficiation techniques under identical conditions. Different methods followed and the results obtained are discussed below.
Tabling Studies
Experiments with a mineral separator indicated that gravity technique can be adopted to recover Mn values in general from both the low-grade siliceous Mn-ore types but better recovery could only be achieved below 500 µm. Therefore, both the representative samples were ground to below 500 µm size and classified each into -500 + 150 µm & −150 µm. These fractions were subjected to tabling studies and results are shown in Tables  2(A) and (B). though the crystalline type could be upgraded to 42% Mn at 40% recovery in coarser fraction the cherty type did not respond to tabling.
Dry Magnetic Separation
All the size fractions from both the Mn-ore types were subjected to dry magnetic separation at different magnetic intensities viz. 0.73 tesla, 1.00 tesla and 1.23 tesla to assess its magnetic susceptibility. The analytical results obtained for the magnetic products at different magnetic intensities for both samples are presented in Tables 3(A) and (B). It is observed from the table that on an average a product having 45% Mn at 69% recovery can be obtained at 1.00 tesla for all the size fractions in case of crystalline type, but the cherty type could only be upgraded to a product of 34% Mn at 1.00 tesla.
Discussion
Mineralogical characterization of both the types of low- grade siliceous Mn-ore from Bonai-Keonjhar belt exhibits the presence of two dominating but contrasting phases. Pyrolusite and cryptomelane constitute the major manganese phases and quartz as the dominating gangue except for little hematite and kaolinite in the cherty type of Mn-ore. In the case of siliceous crystalline type quartz occurs mostly as disseminated or saccaroidal grains occupying the intergranular space with Mn-phases. The textural analysis of both the samples under microscope revealed that the crystalline type siliceous Mn-ore contains large blades of pyrolusite or thick veins of cryptomelane traversing through silica matrix. Thus these two phases could be liberated well by simple grinding to finer sizes. But in the cherty type Mn-ore cryptocrystalline silica occurs in mesoscopic layers with Mn-phases and it showed very fine lamination between manganese and silica and also ramifying veins of silica traversing through manganese which is very difficult to liberate even at ultra fine size. This contrasting micro-texture of Mn-phases and gangue is well reflected in their studies on liberation sizes. In the siliceous crystalline type liberation of silica increases with decrease in size while in the cherty type a significant amount of silica remains with Mn-phases even at very fine size (−150 + 75 µm). The difference between the specific gravities of the two major phases pyrolusite (4.7) and quartz (2.65) was utilized to separate them through tabling studies. At −500 + 150 µm size fraction the crystalline type Mn-ore gave a table concentrate having 42% Mn at 40% recovery. The siliceous cherty type did not respond well because of poor liberation.
Beneficiation of medium grade Mn-ore from Chikla, Maharastra, India [3, 4] have shown that an ore having 44% Mn can be upgraded to 51% Mn by wet magnetic separation process. The present authors had also reported the possible upgradation of low-grade siliceous Mn-ore from Bhoot-River side quarry of OMDC lease hold in the Bonai-Keonjhar belt, north Orissa, India [5] . The siliceous crystalline type was upgraded to 45% Mn with 69% recovery at −150 + 75 µm and 1.0 tesla magnetic intensity. In contrast the cherty type did not respond well to the above experimental setting and could give only 34% Mn and containing around 12% SiO 2 .
The overall failure of the low-grade siliceous cherty type of Mn-ore from Bonai-Keonjhar belt against the crystalline type was because of poor liberation even at very fine size. The image analysis study of both the siliceous crystalline and cherty type Mn-ores using a electron probe microanalyser (Figure 3) revealed that crystalline type siliceous Mn-ore contain large saccaroidal grains which are well liberated during grinding to finer sizes (below 100 mesh). But the cherty type displayed intimate association of Mn minerals and silica even at very fine size (20 μm). Thus the distinctive microstructure controls the degree of liberation of the siliceous gangue from manganese matrix and influence the overall beneficiation of two types of low-grade manganese ores from Orissa.
Conclusion
The upgradation of low-grade siliceous crystalline type manganese ores of Bonai-Keonjhar belt, Orissa, India through dry magnetic separation has opened up new vistas for utilizing such ores otherwise rejected and dumped at mine sites causing both dispersal and environmental hazards. However, detailed mineralogical and microstructural analysis of the low-grade siliceous manganese
